Abstract This study examined whether grandmothers' smoking behavior during pregnancy was associated with birth weights in their grandchildren, considering possible birth cohort effects in the grandmothers' generation. The birth weights of 935 singleton children were compared by grandmothers' and mothers' smoking status during pregnancy. In 2008, women (n = 397) from the Michigan Bone Health and Metabolism Study were interviewed about their own birth history, including whether their own mother smoked while pregnant with them, and the birth histories of their offspring. While also accounting for family clustering, linear mixed models were used to evaluate whether birth weight differences in the grandchildren were associated with grandmothers' and mothers' smoking behavior during pregnancy. Associations were compared among grandmothers born from 1904 to 1928 versus grandmothers born from 1929 to 1945 to determine potential birth cohort effects. Forty-six (5 %) grandchildren had grandmothers and mothers who smoked while pregnant, while 455 (49 %) had grandmothers and mothers who did not smoke during pregnancy. After adjustment, birth weight was an average of 346 (95 % confidence interval 64-628) grams higher in grandchildren whose grandmother and mother both smoked during pregnancy relative to grandchildren whose grandmother and mother both did not smoke during pregnancy, but only among grandmothers who were born from 1929 to 1945. For grandmothers born from 1904 to 1928, grandchildren birth weights did not differ by grandmother and mother smoking status. Birth weight may be associated with grandmother and mother smoking behaviors during pregnancy, but birth cohort effects should be considered.
Introduction
Most intergenerational studies describe relationships from two generations, specifically between parents and their children. Yet, infant birth weight may also be influenced by grandparental factors. Studies with data from three generations of families have reported higher birth weights in grandchildren with taller grandmothers [1] and in grandmothers with Type-2 diabetes [2] . In addition, grandfathers with lower social class status had grandchildren with lower birth weights relative to grandchildren whose grandfathers were from a higher social class [1] . The Dutch Famine Birth Cohort study showed that mothers with in utero exposure to famine during the first or second trimester of their own gestation had children with lower birth weights compared to mothers without in utero famine exposure [3] .
Maternal smoking during pregnancy is a well-established risk factor for low birth weight in offspring [4] [5] [6] [7] [8] [9] [10] . However, a women's in utero exposure to tobacco may affect subsequent generations via heritable mutations in the germ cells or alterations in gene expression [11, 12] . From a social perspective, knowledge about smoking use during pregnancy in past generations might be informative for a family's historical socioeconomic status [13] . Understanding whether the deleterious impacts of smoking on birth weight endure in subsequent generations may be informative from a family planning and public health perspective.
To our knowledge, only two studies have examined the relationship between grandmothers' smoking behavior during pregnancy and grandchildren's birth weight [13, 14] . A British study found that grandmothers' smoking during pregnancy did not impact grandchildren's birth weight after controlling for the mothers' own smoking behavior during pregnancy [14] . In contrast, a study in Baltimore reported lower birth weights among grandchildren whose grandmothers and mothers both smoked during pregnancy compared to grandchildren whose grandmothers smoked, but whose mothers did not smoke during pregnancy [13] .
Women's smoking behaviors are influenced by society, economics, and health policy [15] [16] [17] , so the concentration and amount of tobacco exposure may differ by birth cohort. In the early 1900s, cigarette use was socially unacceptable among women, but by the 1940s and continuing into the 1960s, smoking became a symbol of independence and liberation for women [15, 16] . Thus, the relationship between grandmothers' smoking behavior during pregnancy and grandchildren's birth weight might vary by grandmothers' time of birth and reproduction.
The Michigan Bone Health and Metabolism Study provided a unique opportunity to evaluate the relationship of grandmothers' smoking during pregnancy on grandchildren's birth weight by grandmother birth cohorts using data collected in three generations of white families from the upper Midwestern United States. This sample comprised 935 offspring (G3) who were born to 397 mothers (G2). Smoking behavior during pregnancy was available for 320 grandmothers (G1), the G2 women's mothers. These G1 grandmothers were born between 1904 and 1945 and gave birth to G2 women from 1942 to 1967-time periods when fluctuations in women's smoking patterns and behaviors occurred [17, 18] . With these data, this study examined the relationship between grandmothers' smoking behavior during pregnancy and grandchildren's birth weight, and examined whether associations varied by the mother's own smoking behavior and by the birth cohort of the grandmother.
Methods

Study Population
The Michigan Bone Health and Metabolism Study (MBHMS) is a women's health study that has been described [19] . In 1988, 543 female residents of Tecumseh, Michigan who were daughters of participants of the Tecumseh Community Health Study (TCHS) were enrolled in the MBHMS. The TCHS began in 1959 and was a longitudinal study of health and chronic disease in an entire community of semi-rural, middle-class white families [20] . In 1992, MBHMS expanded recruitment to include ageeligible women whose families were not TCHS participants. When enrollment was completed, the MBHMS comprised 664 women aged 24-50 years.
Data Collection and Measures
At baseline, MBHMS participants completed family pedigrees, including birthdates of their parents and siblings. In 2008, MBHMS participants who were still active (n = 561, 85 %) were invited to participate in a supplemental telephone-based interview that more fully characterized their own birth history and the birth histories of their children. The University of Michigan Institutional Review Board approved this data collection. Informed consent was obtained from all MBHMS participants at baseline and during the supplemental telephone interviews.
A total of 460 (82 %) women completed the 2008 supplemental telephone interview; 101 women refused or could not be found or contacted. Among those interviewed, 397 (86 %) were mothers (G2) who provided birth weights, sex, and birthdates on 957 offspring (G3). Data from 22 G3 offspring were excluded due to multiple birth status or missing birth weights. The family pedigree information identified 320 grandmothers (G1). A description of the study sample within each generation is shown in the ''Appendix''.
In the 2008 supplemental interview, G2 women selfreported their own birth weights, birthdate, singleton status, and whether their own mother (G1) smoked while pregnant with them (response options: Yes/No/Don't know). Mothers' (G2) smoking status during pregnancy with G3 offspring was constructed based on self-reported responses from their MBHMS annual follow-up visits about whether they ever or currently smoked (Yes/No). For both G1 (grandmothers) and G2 (mothers), smoking behavior was dichotomized into smoked versus did not smoke during pregnancy, which was combined into a single four-category variable to capture smoking behavior across two generations of pregnancies: (1) both G1 and G2 smoked; (2) G1 smoked and G2 did not smoke; (3) G1 did not smoke and G2 smoked; and (4) neither G1 nor G2 smoked.
For all G2 women, self-reported marital status and highest level of education and clinically-collected measures of height and weight were obtained at baseline. Education was dichotomized by any college experience, since all G2 women completed high school. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Birth weights were converted to grams (g) from pounds and ounces.
Statistical Analysis
Characteristics of G3 offspring were compared by G1 grandmother smoking status during their pregnancy with G2 mother. Cochran-Mantel-Haenszel and t statistic tests were used to evaluate whether frequency distributions and mean differences in the characteristics were statistically significant by G1 grandmother smoking status. Due to the nested structure of the data, linear mixed regression models with random intercepts for both G1 clustering (G2 women may be sisters with the same G1 mother) and the G2 clustering (G3 offspring may be siblings with the same G2 mother) were fit [21] . These regression models estimated the mean difference and 95 % confidence intervals (CI) in G3 birth weight associated with G1 and G2 smoking behavior, while simultaneously allowing adjustment for other covariates and accounting for correlated variances [21] . Mean differences in G3 birth weight associated with G1 and G2 smoking behavior were estimated by including indicator variables in the regression models, using the group of G3 offspring whose G1 grandmother and G2 mother both did not smoking during pregnancy as the referent group. Models included adjustment for G3 first born status and sex, G2 first born status, singleton status, birth weight, birth year, marital status, education, and adult body mass index and height, and G1 birth year. To examine birth cohort effects, G1 birth year was dichotomized along the median birth year of 1929 and the data were reexamined. Analyses were completed using SAS v9.2 (SAS Institute Inc., Cary, NC).
Results
Mean (SD) birth weight for the G3 offspring was 3,483 (559) g. Seventy-six (24 %) G1 grandmothers smoked while pregnant; thus, 190 (20 %) of G3 offspring were born to 82 (21 %) G2 mothers with in utero smoking exposure. The mean (SD) birth weight of G3 offspring whose G1 grandmother smoked during pregnancy was 3,561 (568) g compared to a mean (SD) birth weight of 3,458 (545) g among G3 offspring whose G1 grandmother did not smoke during pregnancy (p = 0.02, data not shown).
Across two generations, 46 (5 %) G3 offspring had G1 grandmothers and G2 mothers who both smoked during pregnancy. In contrast, 455 (49 %) G3 offspring had G1 grandmothers and G2 mothers who both did not smoke during pregnancy. A total of 130 (14 %) G3 offspring had G1 grandmothers who smoked during pregnancy, but whose G2 mothers did not and 160 (17 %) G3 offspring had G1 grandmothers who did not smoke during pregnancy, but whose G2 mothers did.
By G1 Grandmother Birth Cohort
The birth year range of G1 grandmothers was 1904 to 1945 and the median birth year was 1929. There were 457 G3 offspring with G1 grandmothers born from 1904 to 1928 (early birth cohort) and 469 G3 offspring with G1 grandmothers born from 1929 to 1945 (late birth cohort). Characteristics observed in the G3 offspring and G2 mothers by G1 grandmothers' smoking behavior during pregnancy and birth cohort are described in Table 1 .
In the early birth cohort, 36 (23 %) G1 grandmothers smoked during pregnancy; thus, there were 40 (21 %) G2 mothers with in utero smoke exposure who gave birth to 92 (20 %) G3 offspring. Mean birth weights among G3 offspring whose G1 grandmothers were in the early birth cohort did not vary by G1 smoking behavior during pregnancy (p = 0.79).
In the late birth cohort, 39 (24 %) G1 grandmothers smoked during pregnancy; thus, 41 (21 %) G2 mothers had in utero smoke exposure, which affected 95 (20 %) G3 offspring. The mean (SD) birth weight was 3,630 (527) g for G3 offspring whose late birth cohort G1 grandmothers smoked while pregnant, but was 3,453 (547) g for G3 offspring whose G1 grandmother did not smoke (p \ 0.01). Figure 1 shows the results of the linear regression models by G1 birth cohort. Among the G1 early birth cohort (top graph), no mean differences in G3 birth weight were observed by the G1 and G2 smoking behavior categories relative to the referent group. However, among the G1 late birth cohort (bottom graph), two statistically significant findings were observed. When both G1 and G2 smoked during pregnancy (n = 30), the adjusted mean difference in G3 offspring birth weight was 346 g (95 % CI 64-628) higher compared to G3 offspring birth weights when both G1 and G2 did not smoke (referent). In addition, when G1 did not smoke and G2 smoked during pregnancy (n = 82), the adjusted mean difference in G3 birth weight was 174 g (95 % CI -339 to -9) lower relative to the G3 offspring birth weights from the referent group.
Discussion
Using data collected over three generations of white families from the upper Midwestern United States, this study found that the relationship between grandmothers' smoking behavior during pregnancy and grandchildren's birth weight varied by the grandmother's time of birth. For grandmothers born from 1904 to 1928, grandchildren's birth weight was not associated with grandmothers' smoking behavior during pregnancy. However, grandmothers born from 1929 to 1945 and who smoked during pregnancy had heavier grandchildren if the mother also smoked during pregnancy. In both grandmother birth cohorts, grandchildren's birth weights were lowest when mothers smoked during pregnancy and grandmothers did not-a finding consistent with the existing literature on the impacts of maternal smoking on infant birth weight.
In the early 1900s, cigarette use was not socially accepted and was associated with poor morals and improper behavior [15, 16] . By the 1930s, in conjunction with women's suffrage and new employment roles of women during the Second World War, smoking became a symbol of independence and liberation [15, 16] . National health data showed that the prevalence of smoking rose steeply from the mid-1930s to the mid-1960s [18, 22] . In addition, the design of cigarettes, including the concentration of toxins, such as tar, carbon monoxide, and nicotine, and the use of filters, began in the 1950s and has evolved ever since [18, 23] . Research suggests birth weight is negatively associated with a higher numbers of cigarettes smoked and with higher levels of chemical toxicity [8] . In this study, grandmothers' smoking prevalence was similar across the birth cohorts. However, based on the historical context of smoking use in women, we speculate that the concentration and toxicity levels of tobacco exposure among smokers differed by birth cohort. These differences might explain the birth weight disparity that was observed. One explanation is residual confounding; specifically, smoking behavior among the grandmothers in the late birth cohort-and subsequently in their daughters-may be associated with unmeasured characteristics that resulted in higher offspring birth weights. For example, smokers from the late birth cohort may have smoked more frequently and for a longer duration when pregnant compared to smokers from the early birth cohort. Alternatively, women's smoking as a symbol of independence in the 1930-1960s, which aligns more closely with the women from the late birth cohort, may have occurred primarily among those with a higher socioeconomic status. As a consequence, unmeasured variations in socioeconomic status among families from the late birth cohort group, but not the early birth cohort group, may have contributed to higher birth weights in the grandchildren.
Another explanation is that the higher birth weights observed in the grandchildren was a chance finding. We identified 46 grandchildren whose grandmother and mother smoked during pregnancy. This number was reduced in the examination by grandmother birth cohort, which further decreased statistical power. However, lack of power is typically associated with type-2 error-a failure to reject the null hypothesis [24] . Since we reported a significant positive association, this explanation is less likely, but repeating this analysis in a larger dataset of families would be informative.
Finally, these findings might be suggestive of developmental plasticity, in which the phenotype changes in response to environmental cues provided by the mother that occur during fetal development [25] [26] [27] [28] [29] [30] . Theories about the mechanism by which these phenotypic changes might occur include inherited mutations in the germ cells or alterations in gene expression [11, 12] . Although these theories primarily stem from the literature on the generational effects of in utero diethylstilbestrol exposure, parallels to the generational impacts of in utero smoking exposure can be applied. Fortunately, progress in genetic technology and epigenetic research make investigation of these theories possible in future research studies.
It is our understanding that only two studies have examined grandmother's smoking behavior in pregnancy and its influence on grandchildren's birth weights. Data from the Baltimore site of the U.S. Collaborative Perinatal Project (CPP) reported lower birth weights among representing grandmothers' and mothers' smoking behavior during pregnancy were compared to the referent group (neither grandmother nor mother smoked during pregnancy). Lines represent 95 % confidence intervals offspring whose grandmother and mother smoked while pregnant compared to offspring whose grandmother smoked while pregnant but whose mother did not [13] . Most grandmothers in the CPP were likely born from 1920 to 1950 [31] , overlapping with grandmothers from the late birth cohort in our study. Yet, for MBHMS families from the late birth cohort, grandmothers and mothers who smoked during pregnancy had offspring with the highest average birth weights. Characteristic differences between the study populations might explain the disparity. For example, the CPP was racially diverse compared to the MBHMS [31] and smoking behaviors and birth weight varies by race [32, 33] . Misra et al. [13] identified a threeway interaction between grandmother's smoking, mother's smoking, and mother's parity on offspring birth weight. In this interaction, the authors observed the largest reduction in birth weight among those whose grandmothers smoked and whose mothers also smoked and were parous [13] . The relationship between grandmother's smoking and mother's smoking and parity was not an objective of our study, but these interactions were analyzed to allow comparisons. We found no evidence of a three-way interaction; however, since parity may confound our results, the models adjusted for parity.
Data from the British 1958 National Child Development Study reported a positive but small and non-significant association between grandmother smoking during pregnancy and grandchildren birth weight [14] . While the 1958 British cohort study used a mainly homogenous study population of white families that included grandmothers born from 1909 to 1943 [34] , their analysis adjusted for maternal characteristics, including mother's smoking status during pregnancy. Thus, although seemingly in agreement with our results, it is not known whether larger birth weight differences in the grandchildren would be observed in an analysis that stratified by mothers smoking behavior during pregnancy.
The observation of higher birth weights in grandchildren whose grandmother and mother smoked during pregnancy is contrary to the current knowledge about the negative health effects of smoking during pregnancy. However, this observation may provide insight about possible biological mechanisms for certain birth outcomes. A similar contradictory finding has been described between smoking behavior before and during pregnancy and a lower the risk of preeclampsia [35] [36] [37] , and the possibility that both phenomena may share a similar biological pathway is worthy of further investigation.
Another important finding to note was that, regardless of the time of grandmother's birth, the lowest birth weights were in offspring whose mother smoked, but whose grandmother did not. Furthermore, women who reported that their own mother smoked while pregnant with them had lower birth weights compared to women without this exposure. This finding is consistent with the generally accepted belief that maternal smoking causes low birth weight, a relationship that has been described in numerous other studies [4-10, 13, 14] .
Recall and reporting bias is a study limitation. The MBHMS participant self-reported most information, including their smoking behavior during pregnancy, their own in utero tobacco exposure, and the birth weights in their offspring. Studies indicate that women can reliably selfreport their own in utero smoking exposure [38] [39] [40] and their children's birth weights [40] [41] [42] [43] . However, self-reporting tends to underestimate women's own smoking behavior during pregnancy [44] . It is unclear how this bias would affect our results, since we showed offspring birth weights to also be dependent on grandmother's smoking behavior; however, we suspect that this bias is likely non-differential. We did not have information about gestational length, nor did we have specific details about smoking behaviors, including number of cigarettes smoked, toxicity of cigarettes, and duration and timing of smoking during pregnancy. Availability of these data would improve precision in our measures and permit analysis of the specific impacts of birth outcomes by tobacco concentration and volume. Finally, statistical power was further reduced when stratified by smoking status across generations, although significant birth weight differences in the grandchildren were still observed.
In this intergenerational study, birth weights in children were higher when grandmothers and mothers both smoked while pregnant, but only among those whose grandmothers were born in the years after 1928. This observation is in opposition to the current thinking about birth weight and in utero tobacco exposure and requires replication in a larger sample of families. If, however, these findings were replicated, they could provide insight about possible biological mechanisms of various birth outcomes, be informative for future family planning over multiple generations, and should prompt research on its possible health impacts from a life-course and genetics perspective. 
